Introduction
AlGaN/GaN heterostructures, as a result of its high conduction band offset and high spontaneous and piezoelectric polarization, can exhibit high-density (over 1×10 13 cm -2 ) two-dimensional electron gas (2DEG) with high mobility. AlGaN/GaN high electron-mobility transistors (HEMTs) thus attracted great interest in the past decade or so. Recently, tremendous progresses have been made in the material quality and device processing, which resulted in significant improvements in both DC and RF performance of the AlGaN/GaN HEMTs [1] [2] [3] . In spite of the reported impressive results, there are still limitations of the AlGaN/GaN heterostructures. Firstly, the carrier confinement in the basic single heterostructure design relies only on the self-consistent triangular potential quantum well at the interface, and carriers can easily spill over into the buffer GaN layer. This spill over increases low frequency noise and decreases transconductance of the device. These carriers may get trapped and thus give rise to slow transient process, which is highly undesirable for the RF performance [4] . Secondly, it remains challenging to obtain semi-insulating GaN buffer layer, an essential prerequisite for achieving a sharp pinch-off in AlGaN/GaN HEMT.
In this work, novel AlGaN/GaN/graded-AlGaN double heterostructures (DH) were grown and used to fabricate HEMTs. The bottom AlGaN layer was graded from 0 at end of the GaN buffer to a few percent before the growth of the GaN channel. In this structure, the 2DEG is better confined by the bottom AlGaN barrier. The graded barrier is presumably superior to conventional AlGaN/GaN/AlGaN double-heterostructure as no parasitic two-dimensional electron gas (2DEG) channel exists between the GaN buffer and the first AlGaN barrier. The bottom AlGaN also serves as an isolation layer preventing the formation of parallel current paths between source and drain through the GaN buffer layer even if the GaN buffer layer may not be semi-insulating.
Material Growth and Device Fabrication
The AlGaN/GaN/graded-AlGaN heterostructures were grown on (0001) sapphire substrates in an AIXTRON AIX2000 HT system. Trimethylgallium (TMGa), trimethylaluminum (TMAl), and ammonia were used as Ga, Al and N sources respectively. After initial desorption at 1200 ℃, an GaN nucleation layer was grown at 550 ℃, The surface morphology of the layers was studied by atomic force microscope (AFM) using a Digital Instruments Nanoscope IIIa operated in the tapping mode. The root mean square roughness of a 2×2 µm 2 square is 0.367 nm, which is very good and similar to that obtained in the Al 0.3 Ga 0.7 N/GaN single heterostructure. These results suggest that the gradual-AlGaN DH is of very high quality for HEMTs application.
For the device fabrication, source/drain ohmic contacts were first formed by a rapid thermal annealing of the e-beam evaporated Ti/Al/Ni/Au multiple layer metal at 850℃ for 30 seconds in nitrogen ambient. Using on-wafer transfer length method (TLM) patterns, the ohmic contact resistance was typically measured to be 0.113 ohm-mm. Device mesa was then formed by dry etching in an inductively coupled-plasma reactive ion etch (ICP-RIE) system. It was followed by gate metal deposition of Ni/Au using e-beam evaporation.
Device Characteristics and Discussions
The DC output characteristics of the HEMTs were measured on-wafer using an HP4156A precision semiconductor parameter analyzer. The DC output current-voltage (I-V) characteristics of a 10-µm-wide HEMT with a gate length of L g = 1µm, are shown in Fig. 2 . The maximum saturation current, I max , at V gs = 1V is 1.1 A/mm and the pinch off voltage is -8.9 V. The DC transfer characteristics at a source-drain voltage of V ds = 6 V are shown in Fig. 3 . The peak value of the transconductance, g m , is approximately 180 mS/mm at V gs = -2.9 V. Different from AlGaN/GaN FET, an additional peak was observed in the transconductance before the pinch-off, forming a double-hump transfer curve. This is due to the existence of the second 2DEG channel (channel 2) at the interface between the graded-AlGaN barrier and the GaN channel. After the 2DEG channel (channel 1) at the top AlGaN/GaN interface is depleted, channel 2 is exposed to the gate modulation, thus adding a second peak in the transconductance. The existence of the additional 2DEG channel offers several advantages including higher carrier density and higher current density. The double-hump feature in the transconductance may also be utilized and optimized to improve the device linearity. For high frequency characterization, on-wafer S-parameter measurements were carried out using Agilent 8722ES network analyzer and Cascade microwave probes. Figure 4 shows the short-circuit current gain (|h 21 |) and unilateral power gain (U) as a function of frequency. The values of unity current gain cutoff frequency (f t ) and maximum frequency of oscillation (f max ) were determined to be 10.9 GHz and 26.3 GHz, respectively. The device was biased at V ds = 8 V and V gs = -6 V. 
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Conclusions
In conclusion, a novel AlGaN/GaN/graded-AlGaN DH HEMT was demonstrated. Better carrier confinement can be achieved because of the existence of AlGaN barriers on both sides of the 2DEG channel. The bottom AlGaN barrier efficiently suppresses the harmful parallel conduction from the GaN buffer layer, enabling a very low pinch off drain current. With drain biased at 6 V, the device has maximum extrinsic transconductance (g m ) of 180 mS/mm. Different from conventional AlGaN/GaN HEMT, an additional peak was observed in the transconductance. The unity current gain cutoff frequency (f t ) of 10.9 GHz and maximum frequency of oscillation (f max ) of 26.3 GHz were measured on 1-µm gate-length devices. 
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